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Abstract: There is currently an increasing interest in the development of polyacrylonitrile (PAN)-based
membranes with new and enhanced properties which are of special importance in the processes of
pervaporation, purification, and water treatment. Thus, the optimization of the functionalization
of PAN membranes and its effect on their morphology, hydrophilicity, and mechanical properties
plays an essential role in a wide range of applications. In this paper, the alkaline hydrolysis of
asymmetric PAN membranes was investigated in order to get carboxyl-enriched surfaces that are of
a great interest for more demanding subsequent modifications. The process was monitored using
–C=NH intermediate bonds, which could be observed during the hydrolysis reaction by X-Ray
photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) before the
formation of carboxyl and amide groups. The amount of introduced carboxylic acid groups could be
determined by thermogravimetric analysis (TGA) and by the interaction with toluidine blue O (TBO)
dye. Hydrolysis was revealed as a simple way to modulate hydrophilicity (decreasing contact angle
from 60 to 0◦ for reaction times from 0–3 h) and the mechanical properties of PAN membranes.
Keywords: polyacrylonitrile; surface modification; hydrolysis
1. Introduction
Polyacrylonitrile (PAN) is an inexpensive and widely-used polymer for several applications such
as foams [1], nano-sensors [2], biomaterials [3], ultrafiltration [4], and pervaporation [5]. Specifically,
PAN has been successfully used as one of the most important materials for membrane preparation
due to its good thermal and mechanical stability, high abrasion resistance, and its facility for being
prepared as highly porous polymer [6]. In this sense, PAN is traditionally employed as a semipermeable
membrane for hemodialysis due to its good properties [6]. However, its hydrophobic nature limits its
biocompatibility and consequently its applicability as a biomaterial [7]. Fortunately, PAN is a relatively
active polymer, which makes it easy to be modified. The most employed modification methods of
PAN membranes include plasma treatment [8] and hydrolysis [9]. Alkaline hydrolysis with strong
basic solutions in which –CN groups on the PAN membrane surface turn into –COO− groups [10] has
been widely used for PAN modification due to the promoted uniform distribution of functional groups
along the chain. Thus, alkaline hydrolysis of PAN is used on a large scale to produce water-soluble
additives and superabsorbents [11] for engineering and consumer products [12]. PAN hydrolysis
has also been employed in the preparation of highly hydrophilic nanofiltration membranes with
controlled antifouling and rejection properties [13]. More recently, PAN hydrolysis has been employed
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as a starting modification process for the preparation of more complex multifunctional membranes
such as biofunctionalized membranes [14], composites [15], and polyelectrolyte multilayers [16] with
diverse purposes.
However, the properties of hydrolyzed PAN are strongly determined by the extent of the hydrolysis
reaction [17]. Consequently, although the reaction has been studied for decades [10,17–19], it continues
to be a significant field of study for practical applications; deeper insight into the relation between extent
of hydrolysis and the macroscopic properties is still required. Based on this, this work presents a study
of the effect of the surface treatment of PAN membranes by alkaline hydrolysis on their hydrophilicity
and mechanical properties, which have been poorly studied in previously reported works.
2. Materials and Methods
2.1. Materials
Polyacrylonitrile (PAN) of average molecular weight Mw ≈ 150,000 g mol−1 (Sigma-Aldrich,
St. Louis, MO, USA), N,N–dimethylformamide (DMF, 99.8%, Sigma-Aldrich, Darmstadt, Germany),
and lithium chloride (LiCl, 99%, Sigma-Aldrich, Darmstadt, Germany) were used as polymer,
solvent, and pore former, respectively, for the fabrication of membranes. Sodium hydroxide (pellets,
Panreac, Barcelona, Spain) was used in the hydrolysis of PAN membranes. Toluidine blue O (TBO)
dye was purchased from Sigma-Aldrich (St. Louis, MO, USA). All reactants were used without
further purification.
2.2. PAN Membrane Preparation
PAN solution was prepared by mixing 14 wt % of PAN and 2 wt % of LiCl additive in DMF at
60 ◦C. The solution was allowed to stand while stirring overnight, then it was cast on a microscope
cover glass of 22 mm thickness by spin-coating (speed (rpm): +2000; sample volume (µL): 0.2). The
cast film was gelled in a coagulant bath containing water and was later washed with milliQ water.
Hydrolysis of PAN membranes was carried out in a 1.5 M NaOH solution in a thermostatic bath at 45
◦C. PAN membranes were collected and rinsed with deionized water until reaching a neutral pH. The
porosity (ε) of prepared membranes was determined by weighing according to Equation (1) [20]:
ε =
mwet−mdry
ρw
mwet−mdry
ρw
+
mdry
ρp
× 100% (1)
where ρw and ρp are the density of the wetting solvent (distilled water) and the polymer (at 20 ◦C), and
mwet and mdry are the wet mass and the dry mass of membranes.
2.3. Characterization Techniques
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)
The molecular structure of PAN membranes was analyzed by Fourier-transform infrared
spectroscopy (FTIR). FTIR spectra were acquired using a NEXUS 670 spectrophotometer (Nicolet
Thermo Instruments Inc., Waltham, MA, USA). Dried samples were scanned in an attenuated total
reflectance (ATR) mode at frequencies from 400 to 4000 cm−1 and with 32 scan times per spectrum.
The nominal resolution was set to 4 cm−1.
2.3.2. UV–Vis Spectroscopy
The hydrolyzed ratio of the PAN membranes was analyzed through the increase of carboxyl
group concentration. These carboxylic groups, formed during the hydrolysis, react with TBO through
the formation of ionic complexes. The hydrolyzed membranes were immersed in a 0.5 mM TBO
aqueous solution (pH = 10) for 12 h at room temperature in order to allow complex formation.
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Then, PAN membranes were cleaned with a 0.1 mM NaOH solution to remove the excess of TBO.
Finally, the TBO bonded to the membranes was desorbed by immersion of the substrates in a 4
mL 50% acetic acid solution for 10 min. The absorbance at 633 nm was recorded by a UV–Vis
spectrophotometer (UV-2450, Shimadzu, Kioto, Japan). The amount of the carboxyl groups was
calculated by using a calibration curve of TBO/50% acetic acid solution recorded in the same conditions
(A = 75301.9 M (mol L−1) + 877.8, R2 = 0.9993). A complexation ratio of 1:1 mol of TBO/carboxylic
acid was considered for the calculation [21].
2.3.3. X-Ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed in a SPECS system (SPECS Surface Nano Analysis, Berlin,
Germany) equipped with a Phoibos 150 1D-DLD analyzer (SPECS, Berlin, Germany) using a
monochromatic Focus 500 X-ray source with an Al/Ag dual anode.
2.3.4. Contact Angle
The contact angle of the membranes was measured using the optical system Dataphysics OCA
15EC (Dataphysics, Filderstadt, Germany). Milli-Q water was dropped on each sample (2 µL/drop).
Reported data are the average of 10 measurements.
2.3.5. Scanning Electron Microscopy (SEM)
The surface and thickness of the membranes were analyzed by scanning electron microscopy with
a HITACHI S-4800 microscope (150 s, 20 mA, 15 kV) (HITACHI, Krefeld, Germany). The cross-sectional
images of the films were obtained after fracturing the cooled films in liquid N2 and were uniformly
overlaid with gold.
2.3.6. Mechanical Properties
The study of the mechanical properties of 2 cm × 5 cm sized wet membranes was performed in an
AGS-X Universal Testing Machine from Shimadzu (Kioto, Japan) at a constant jack speed of 5 mm s−1.
2.3.7. Thermogravimetric Analyses (TGA)
Thermal stability was studied with a Thermal Gravimetric Analyzer (TGA) TGA/SDTA 851e
Metter Toledo apparatus (Gießen, Germany) from 25 to 700 ◦C at a heating rate of 10 ◦C/min while
under nitrogen flow (20 mL/min).
3. Results
3.1. Modification of Surface Composition
PAN surface modification was carried out using a hydrolysis reaction through addition of NaOH
according to the conditions described above. It is well known that the mechanism of the hydrolysis
reaction of PAN consists of two different stages [22]. In the first stage, the attack of the hydroxyls on
nitrile groups takes place, generating an amide moiety. In the second step, the addition of another
hydroxyl group on the amide causes the disappearance of –CONH2 groups and the formation of the
carboxylic acids. However, this mechanism has been extensively discussed and various investigations
have revealed the existence of intermediate stages [10,23]. Thus, when the reaction starts (Figure 1),
the –C≡N triple bond becomes a double bond (–C=N) before the formation of the amide groups;
however, experimental evidence of this intermediate bond has rarely been reported [10]. The infrared
spectra of hydrolyzed PAN membranes were obtained in order to study and confirm the hydrolysis
reaction mechanism. Apart from the characteristic peak at 1630 cm−1 of the carbonyl group (C=O),
untreated PAN membranes exhibit two characteristic peaks at 1454 and 2245 cm−1, corresponding to
the C–N stretching of the –C≡N group (Figure 1) [9,11]. As hydrolysis takes place, these bands clearly
decrease [9,16] while the appearance of two new peaks at 1697 and 1575 cm−1 is observed. These new
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bands, which have only been reported by a few researchers [24], correspond to the intermediate
–C=N and amide (–CONH2) moieties, respectively, and their intensities vary according to the reaction
mechanism proposed by Litmanovich et al. [10]. Thus, –C=N stretching (1697 cm−1) increases for
short modification times (0.5 h) corresponding to the first stage of hydrolysis, but rapidly decreases for
higher reaction times in the second stage as amide and carboxylate groups are formed, verifying the
above described mechanism.
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Figure 1. (A) Simple schematic representation of the mechanism of PAN (Polyacrylonitrile) hydrolysis,
and (B) FTIR (Fourier-transform infrared spectroscopy) spectra of PAN membranes for different
hydrolysis times.
The study of the elemental composition of the surface of PAN membranes at different hydrolysis
times was performed by XPS. According to the analysis of the elemental co position shown in Figure 2A,
an overall increase in oxygen content and a decrease in nitrogen content with increasing treatment
time were observed, especially for long hydrolysis times. This trend is consistent with the proposed
mechanism of the hydrolysis reaction, confirming that N1s content and O1s content remain almost
constant in the first stage of the reaction while they decrease and increase, respectively, in the second
stage due to the loss of –C=N and –CONH2 moieties and the formation of –COOH groups.
To confirm the appearance of the intermediate amide bonds, the formation of carboxyl groups, and
that the decreasing of nitrogen corresponds to the loss of cyano groups, high resolution C1s, O1s, and
N1s peaks were also analyzed (Figure 2B–D, respectively) according to the mechanism described above.
Deconvolution of C1s (Figure 2B) shows a peak at 285.6 eV corresponding to the C–N bond which
is not present in hydrolyzed PAN. However, hydrolyzed samples display two new peaks at 286.5eV
and 288.5 eV ascribed to the formed C–O and C=O bonds respectively [22,25]. In Figure 2C, the
deconvolution of O1s is displayed only in the case of hydrolyzed samples; two peaks corresponding
to the new C=O and C–O bonds were formed in the reaction at 531 eV and 530 eV, respectively.
In addition, N1s deconvolution (Figure 2D) clearly shows the disappearance of the peak attributed
to C≡N at 398.3 eV and the formation of a new peak of the C=N bond at 399.5 eV, confirming the
formation of intermediate C=N bonds and thus the mechanism described above.
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The TBO dye colorimetric method is a widely-used method for the quantification of surface carboxyl
groups. This cationic compound interacts electrostatically with negatively charged groups, which can be
easily detected by light absorption in the range of the visible blue wavelength. Although TBO technique
is known as one of the most straightforward methods for surface charge quantification, the results
obtained showed a high standard deviation that could be ascribed to some non-specific adsorption of
dye to the membrane surface; this has been also observed in several polymeric membranes [26].
An increase in carboxyl group amount with hydrolysis reaction time was observed, but it remained
almost constant during the initial stage and when the hydrolysis time was longer than 1.5 h, accordingly
with the evolution of O content determined by XPS during the reaction. Thus, a hydrolysis time of
1.5–2 h could be considered as the optimal treatment time, with a maximum amount of carboxyl groups
of approximately 7 µmol/g in the samples (Figure 3).Polymers 2019, 11, x FOR PEER REVIEW 5 of 11 
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3.2. Properties of Modified Membranes
The morphology of PAN membranes was studied using SEM; images of their surfaces and
cross-sections are shown in Figure 4. PAN membranes display the morphological characteristics of
asymmetric membranes prepared by the phase inversion technique [4]. Because of the addition of LiCl,
asymmetric cross-sections possess abundant amounts of macrovoids combining with macrovoid-free
sections with finely formed porous (sponge-like) structures [4]. As can be seen in Figure 4, the surface
hydrolysis reaction does not significantly modify the morphology of the membranes for reaction
times lower than 1.5 h. In the same way, no changes in membrane porosity (ε) were measured when
untreated (εmean = 83.2 ± 2.1%) and 1.5 h hydrolyzed me branes (εm n = 81.8 ± 1.5%) were compared.
Polymers 2019, 11, 1843 6 of 11
The modification of the material’s surface accelerates the thermal degradation of the membranes,
as can be observed in Figure 5. All samples showed a main loss of weight between 290 and 460 ◦C,
derived from the decomposition of the polymer into volatile products. However, two previous weight
loss stages were differentiated before, at 25–120 ◦C and 200–300 ◦C. The first one, ascribed to water
evaporation, allowed the determination of the water content of the prepared membranes (Figure 5).
A significant weight loss between 200 and 300 ◦C was observed for hydrolyzed PAN membranes for
1 h or more. It is well known that carboxylic acid groups thermally decompose in this temperature
range (–COOH→ CO2) [27], which confirms the successful hydrolysis reaction of PAN membranes.
The weight loss in this temperature range could easily be used as a rapid estimation of the number of
carboxylic groups formed as a consequence of the hydrolysis treatment (Figure 5) [27].
The hydrophilicity of the hydrolyzed surfaces of PAN was studied using the measurement of the
contact angle, as is shown in Figure 6. The great reduction of the contact angle during hydrolysis, from
69.59 ± 4.99◦ for the untreated film to 10.1 ± 1.1◦ for the film hydrolyzed during 1.5 h, evidences the
drastic modification of the material, leading to a highly hydrophilic surface. This variation, observed
by several authors [28], is attributed to the introduction of hydrophilic groups such as carboxyl groups
on the surface of the polymeric substrate.
The study of the mechanical properties of hydrolyzed PAN membranes as a function of the
hydrolysis time was performed. The stress–strain curves obtained for each material are shown in
Figure 7. It is noted that the Young module decreases as the hydrolysis time increases, indicating that
the membranes become more deformable due to the higher water content [29] as a consequence of their
higher hydrophilicity, as it is observed in contact angle and thermogravimetric studies. After hydrolysis
reaction times higher than two hours, membranes displayed extremely poor mechanical properties
and stress–strain curves could not be obtained.Polymers 2019, 11, x FOR PEER REVIEW 6 of 11 
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